Camera calibration is a process whereby the geometric characteristics of a specific camera are determined. It is performed in order that the photograph obtained can be used to produce accurate measurements. This paper presents a simple and accurate model to extract the optical characteristics 
parameters describe the internal characteristics of a camera (focal length, pixel size, distortion coefficients and pixel coordinates of principal point) and external parameters (position and orientation of the camera frame relative to a given object coordinate system).
Existing camera calibration techniques can be classified into three methods (Cramer 2004) . The first method is laboratory calibration, used to verify the validity of camera parameters and it is repeated within certain time intervals. A second method, called onsite calibration, is performed by using targets positioned beside the object of interest.
Camera calibration parameters and object space position are estimated simultaneously. A third method, called autocalibration, does not use any calibration object. The internal and external parameters are estimated by using image information only (Zhang et al. 2008, Ha and Kang 2005) .
Several techniques are based on image observation of points of known 3-D coordinates (Ramalingam et al. 2006) or shape like circles (Mateos 2000) and ellipses (Zhang et al. 2005) . They involve determining the mathematical model expressed in a perspective transformation matrix. Different techniques exist for the computation of that matrix and may be classified into two categories: linear techniques which use the minimization of a linear criterion relating 3D points coordinates and their 2D image projections (Tsaï 1987) ; and non-linear optimisation techniques which address lens distortions and minimize the errors between observed and calculated parameters using iterative algorithms (Weng 1992) .
The calibration technique that we present is of the second method type: calibration is achieved using targets of known 3-D coordinates. For the given setup, our algorithm uses direct and indirect techniques to estimate intrinsic and extrinsic parameters. A Composed Cubic Splines function calculates distortions in order to obtain a true pinhole model. The parameters of this function control more complex forms of distortion. The interpolation formula gives an accurate result both in terms of parameters and errors. The development of this new method has been motivated by the increased potential of digital cameras for accurate measurements and by the more complex and less stable geometry that these cameras involve.
The following Section describes the calibration procedure, presenting the linear method for solving parameters and following with the application of nonlinear optimization.
Section 3 presents three models that have been used to calculate the distortion function.
Section 4 studies different methods of image data extraction. Section 5 reports experimental results of a real case of calibration. Finally, the conclusion and discussion are presented in Section 6.
2-Calibration procedure and mathematical models
The pinhole model is the most frequently used model for camera calibration. It is based on the collinearity principle. It is characterized by three transformations (Figure 1 -R and T: the extrinsic camera parameters.
Linear parameters estimation
Equation 2 can be written as follows:
.
M, the projection matrix, being:
-First method: constraint m 34 =1
The parameters of matrix M can be estimated using the known object coordinates 
=1
Faugeras and Toscani (Faugeras and Toscani 1987) proposed the constraint m31 2 + m32 2 + m33 2 =1. This method has shown to provide a good estimate for the projection matrix.
The disadvantage of linear approach, however, is that it cannot incorporate lens distortion. For that reason, the photogrammetry community has proposed using a nonlinear estimation method (Weng et al. 1990 ).
Nonlinear parameters estimation
The pinhole model is just an approximation referring to a projection in an ideal imaging system. A better suited model must take into account the displacement caused by radial and tangential distortions. In that case, estimation of the camera parameters requires applying an iterative algorithm.
This provides initial parameters which are used in an iterative algorithm (Equation 6), minimizing the residuals between the initial model and the N observations (Weng et al. 1990 ).
( 6) where:
-( , ): the undistorted or ideal image coordinates,
-( , ): the distorted or true image coordinates.
The main advantage of this approach is that distortion parameters can be estimated .
3-An approach for distortion calibration
As a first step in the computation of undistorted image coordinates, for the pinhole model, a distortion estimation has to be performed at different points for the projected image. Then, using a Composed Cubic Splines function, the pixel shift, at every point, can be computed.
Distortion displacement is generally modeled using polynomial approximation (Zollener 2003, Perse and Kovacic 2002) . In usual photogrammetry practice, only radial distortion, generally, is considered because its more significant influence on the image geometry.
However, if a better idea of the camera optical quality is needed, others components, such as decentering distortion, have to be taken into account. Thus a method is needed that can model the more complex correction procedure. Equation 7 models the application of the correction:
where ( ) are the relative corrections to the distorted coordinates, giving the corrected values in the u and v directions.
Existing literature presents many polynomial distortion models (Ma et al. 2003) , with performance varying in function of the accuracy needed or of the magnitude of radial distortion.
In the new model presented here, the behaviour of a grid of projected lines has been studied in order to provide the needed local corrections. The accurate model is computed using many control points. This model takes into account radial and tangential distortion and calculates the corrections needed to obtain a true pinhole model.
Model 1: Global modeling using nonlinear method
In the method of nonlinear global modeling, presented hereafter, the function F ( Equation 8) is designed to minimize the errors, for the n observed points, between their observed values ( , ) and the corresponding ( , ), computed after estimating the camera parameters. Using an iterative algorithm, the following function has to be minimized: (i is the horizontal line number).
( j is the vertical line number).
The error functions and that define the square error in horizontal line i and vertical line j, p and q being the number of horizontal and vertical lines respectively, are:
The total error function can be written (12) which is minimized by least squares.
-The new intersections of the horizontal and vertical lines computed by least squares are the true grid locations. The new coordinates, compared to the initial ones,
give the distortion at each point.
Figure 2: Grid and Calibration Target

Model 3: Grid correction
A similar procedure can be used to measure the distortion transforming grid straights lines into curves.
The method is based on a concept developed by Brand et al. (Brand et al. 1993) , except that only intersection point corrections are computed. It consists of the following steps:
-Observing a gird to delineate the areas to which a correction must be applied locally.
-Finding the location of the intersection.
-Computing the ideal coordinates for these points using the pinhole model. In a virtual reference, points are positioned in -Transforming each distorted rectangle of the grid image into an ideal rectangle in the virtual reference using projective transformation (4 points are selected at the corners of the image, for which no correction is applied).
-Generalizing this transformation to all points by bilinear interpolation.
-Applying an inverse transformation to find pixel coordinates.
Distortion computed by a Composed Cubic Splines function
A Composed Cubic Splines function models a theoretical form using a combination of linear terms. Generally, it is used to generate data fitting. In the present application, it is used to interpolate in the case of unequally spaced data points and determine the distortion for each pixel.
Using this process, a unique continuous function models the distortion at every point of the image. The function has the following form: ,
where :
The usual methods give information for the distortion function, by polynomial approximation, in 2 or 3 coefficients. Generally, only radial distortion is estimated, the tangential being considered negligible. Using Composed Cubic Splines, the information obtained contains much more coefficients (150 in the present case), from which an appreciable accuracy gain can necessary be expected.
An additional advantage comes from the fact that the nodes can be placed anywhere on the surface (Plante 1999 ).
The distortion can be computed at any point of position (u,v) , the surface image being modeled by a linear combination of terms, as shown by Equation 14.
where:
: Local Correction in order to perform pinhole The following matrices have to be solved:
and ,
It is also possible to combine the parameters a and b in a matrix ab and corrections Δu and Δv in a matrix ΔuΔv, which gives:
4-Methods for image data extraction
There are different ways of achieving image data extraction. Image data extraction is necessary to establish a correspondence between control points in the object space and their projection in the image. Figure 2 shows a target used for calibration.
The edge pixels of the targets can be determined using any suitable edge detect method.
Hough transform can be used to detect shapes, such as circles and lines, with sub-pixel accuracy (Ballard 1981) .
The centers of projected circles in the image can be determined using three methods:
The method is a least squares computation of the intersection point of two perpendicular diameters (Figure 3 ). 
The problem can also be solved iteratively using an algorithm similar to the Levenberg-Marquardt method. The accuracy of the results depends on the number of iterations and the number of edge pixels used.
-Ellipse method: under the effect of radial and tangential distortions, the perspective projection of a circle is an ellipse (Mateos 2000) . The distortion of the circle image depends on the angle and spacing between the object surface (target) and the image plane.
The general equation of a conic in pixel coordinates is:
which can also be written as:
(20) 
The coordinates (u 0 ,v 0 ) of the ellipse center are given by:
Given the parameters of the Equation 21, the center of ellipse can be determined with accuracy.
5-Experimental results and discussion
Experimentation of the camera calibration procedures was carried at .. For the determination of the target centers, giving the control points values, the ellipse and circle methods have given closely similar results, and, by comparing the standard deviations, have shown to be the most accurate (Table 1 ). 
Distortion correction
As a first step in the computation of the distortion function, the correction has been estimated at the different control points using the three methods described in section 3.
The coefficients a i and b i of Equation 17 have been computed from the results obtained.
The correction vectors of distortion for control points are illustrated in Figure 5 , 6 and 7.
An example of interpolation using Composed Cubic Splines is shown in Figure 8 . 
Camera calibration
From Figure 8 can be inferred that undistorted image coordinates (u i ,v i ) can be derived by application of the corrections to the observed ones. With the corrected values, the camera parameters can be determined using the linear approach presented in section 2. Table 2 illustrates the results obtained in function of the number of control points used the computation. It illustrates also that accuracy and stability is ensured with a large number of well distributed control points.
6-Discussion and Conclusion
A procedure and mathematical model have been developed to address new developments, possibilities and challenges in the field of photogrammetry, as a consequence of the tremendous expansion in the digital camera market. One of the challenges lies in finding proper ways, for potential photogrammetry practitioners, to deal efficiently with the optical mechanical characteristics of these cameras. This paper addresses that challenge. It presents the camera calibration technique developed at ... The complete procedure, described in the paper, has been implemented in Matlab, and can be used to compute these essential elements that are the camera parameters and lens distortions. A new model for lens distortion has been introduced, in which the parameters control the more complex forms of the new cameras. A Composed Cubic Splines function has replaced the polynomial expressions which generally describe radial and tangential distortions. With this approach, it is possible to take into account the interpolation error, which is not negligible, sometimes, compared to distortion correction. With the new method, the residuals at control points are always zeroed.
The efficiency of this model and the quality of the results have led to its implementation as the current camera calibration procedure at Metrology Laboratory, Department of Geomatic Sciences, Université Laval.
